Abstract
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3
In the last 20 years, pesticide use has shifted away from organophosphates and carbamates towards 3 4 neonicotinoid compounds that are agonists of insect nicotinic acetylcholine receptors (Buckingham et 3 5 al., 1997; Elbert et al., 2008; Ihara et al., 2006) . Unfortunately, because they are systemic insecticides 3 6 that persist in plants throughout the growing season, they affect non-target organisms such as 3 7
pollinators. For example, pollen and nectar that are collected and eaten by pollinators often contains 3 8 these pesticides, even when the plant was only exposed to neonicotinoids as a seed treatment (Halm et 3 9 al., 2006; Rortais et al., 2005) . The extent to which neonicotinoids are implicated in pollinator 4 0 population decline, however, is controversial (Maxim and van der Sluijs, 2010); some pollinators, 4 1 such as honeybees, also experience stress from infestation with parasites and pathogens such as 4 2
Varroa destructor and Nosema spp. (Dainat et al., 2011; Le Conte et al., 2010) .
Neonicotinoids often affect non-target organisms through prolonged sub-lethal exposure 4 4 (Halm et al., 2006) and may have even larger effects on survival when combined with exposure to 4 5 other agrochemicals (Wu et al., 2011) or other forms of stress. Honeybees are likely to be exposed to 4 6 additional potentially harmful chemicals during treatment for the mite, Varroa destructor. For 4 7 example, mite treatments are often themselves potent pesticides like the organophosphate, coumaphos 4 8 (Mullin et al., 2010; Rosenkranz et al., 2010) . This particular combination is of interest due to the 4 9 potential for additive effects when both compounds are administered simultaneously, as both 5 0 neonicotinoids and coumaphos target cholinergic signalling. The target of neonicotinoid pesticides, 5 1 nicotinic acetylcholine receptors (nAChRs), play an important role in honey bee learning and memory 5 2 processes vital to successful foraging behaviour (Gauthier, 2010) . Both acute and chronic 5 3 administration of the neonicotinoid, imidacloprid, impairs olfactory learning and memory (Decourtye 5 4 et al., 2004a; Decourtye et al., 2004b) probably as a result of a change in the way that neurons in the 5 5 honeybee's mushroom bodies function (Gauthier, 2010) . The organophosphate acetylcholinesterase 5 6 (AChE) inhibitor, coumaphos (commercially known as Checkmite) is used as a miticide in honeybee 5 7 colonies but could potentially harm bees as well as their parasites (Hawthorne and Dively, 2011). The 5 8 combination of two pesticides could be more toxic and have stronger effects on behaviour than 5 9 exposure to a single compound because the same mechanisms are used to detoxify both, notably the 6 0 p-glycoprotein xenobiotic efflux transporters and the cytochrome P450 monooxygenase enzymes 6 1 (Johnson et al., 2009 ). Whether or not prolonged exposure to imidacloprid or other pesticides and 6 2 their combinations has a stronger effect on learning and memory in bees or other pollinators is 6 3 unknown (Biernaskie et al., 2009 ).
4
Efficient foraging by bees depends on their ability to rapidly learn, remember, and 6 5 communicate the identity and location of flowers offering nectar and pollen rewards (Biernaskie et al., 6 6 2009; Lihoreau et al., 2011) . Substances such as cholinergic pesticides, could have a profound 6 7 learning and memory experiments (Figure 1 ). On the basis of this, 100nM and 10nM doses of all 1 3 9 treatments were found to be sub-lethal, and so were used in the subsequent learning and memory 1 4 0 experiments (see results and Fig. 1 Honeybees were trained using a procedure for olfactory conditioning of the proboscis 1 6 0 extension reflex (Bitterman et al. 1983) . The conditioned (CS) and unconditioned stimuli (US) were 1 6 1 presented on a massed (30 s inter-trial interval) or a spaced schedule (10 min inter-trial interval) as 1 6 2 described in Menzel et al. (2001) . The conditioned stimulus was the odour, 1-hexanol, presented for 4 1 6 3 s duration, and the unconditioned stimulus was a reward of 0.2 µl of 1 M sucrose solution. The odour 1 6 4 stimulus arose from a 3 µl aliquot applied to a strip of filter paper placed within a glass tube and 1 6 5 attached to controlled air supply (the arena and training apparatus are previously described in Wright 1 6 6 et al. (2008) . Each subject received 6 conditioning trials. Bees that responded to the conditioned 1 6 7 stimulus alone before training were excluded from conditioning. Bees that failed to respond to the 1 6 8 odour during any of the six conditioning trials (even if they continued to exhibit PER in response to 1 6 9 antennal stimulation) were defined as "non-responders;" these data were analyzed separately. After 1 7 0
conditioning, each bee was tested with the conditioned stimulus and a novel odour (2-octanone) at 10 1 7 1 min and 24 h. The order of presentation of the test odours was randomized across subjects, and each 1 7 2 test was presented with a 3-5 min interval between each test. The 10 min test was performed to assess 1 7 3
short-term memory (STM) and the 24 h test was performed to test early long-term memory (eLTM) 1 7 4
( Menzel et al., 2001) . To measure memory, we compared the responses during the last acquisition 1 7 5 trial to those during both recall tests within each treatment group: STM was assessed in terms of 1 7 6
whether the response to the CS at the 10 min memory test was significantly less than on the 6 th 1 7 7 training trial, and eLTM was assessed in terms of whether the response to the CS at the 24 h memory 1 7 8 test was less than that at the STM test. Memory specificity measured by comparing the response to 1 7 9 the CS with the response to the novel odour, during the 10 min and 24 h memory tests.(We did not test 1 8 0 beyond 24 h because most of the pesticide-treated bees died within 72 h after harnessing. proportion of 'responders' and 'non-responders' were analyzed using logistic regression. Data for bees 1 8 5 that responded during conditioning were analyzed separately. The response of each subject to the 1 8 6 odour stimulus during conditioning and testing was scored as a binary response (full proboscis 1 8 7 extension or not) and analyzed using binary logistic regression (lreg) (Generalized Linear Model) in 1 8 8 statistics program, SPSS. For logistic regression analysis of the acquisition data, the first training trial 1 8 9
was excluded from the analysis to facilitate model fit (all responses at this point were 0). Mean values 1 9 0 for the probability of response, and standard errors of the means, are reported for each treatment, 1 9 1 dose, and odour presentation. Least squares post-hoc tests (lsc) were performed for pair-wise 1 9 2 comparisons. 1 9 3
The specificity of olfactory memory was tested in our experiments by presenting both a novel 1 9 4 odour and the CS. To compare the relative response rate of our subjects, we calculated a 1 9 5
'discrimination index' (DI), represented as: Preliminary experiments were performed using 3 different concentrations of each pesticide to Unsurprisingly, all the compounds tested had some effect on mortality (lreg, imidacloprid, χ 3 2 2 0 5 = 25.5, P < 0.001; coumaphos, χ 3 2 = 12.9, P = 0.005; imidacloprid plus coumaphos, χ 3 2 = 25.6, P < 2 0 6 0.001). However, by comparing the different doses of each compound, it was found that only the 1 2 0 7 µM concentration significantly increased mortality compared to the controls (imidacloprid, P < 0.001; 2 0 8 coumaphos, P = 0.004; imidacloprid plus coumaphos, P < 0.001). The 10nM and 100nM 2 0 9
concentrations of all treatments were found to cause no increase in mortality relative to the controls 2 1 0 (imidacloprid, 10nM P = 0.607, 100nM P = 0.603; coumaphos, 10nM P = 0.814, 100nM P = 0.625; 2 1 1 imidacloprid plus coumaphos, 10nM P = 0.680, 100nM P = 0.634).
1 2
Learning performance is impaired when bees are exposed to imidacloprid and coumaphos 2 1 3
The proportion of non-responding bees in each treatment group with pesticides was compared ( Table  2  1  4 1). Pesticide exposure increased the proportion of non-responding bees in both the massed and spaced 2 1 5 conditioning assays (Table 1 , imidacloprid: lreg: χ 2 2 = 6.10, P = 0.047; coumaphos: lreg, χ 2 2 = 7.66, P 2 1 6 = 0.022; imidacloprid plus coumaphos: lreg: χ 3 2 = 12.7, P = 0.005). For honeybees allowed to recover 2 1 7 for 3 days after combined pesticide exposure, failure to respond during conditioning was not 2 1 8 significantly different from the level exhibited by the control group during both types of conditioning 2 1 9 assay (massed: lsc, P = 0.220, spaced: lsc, P = 0.639). 2 2 0 Prolonged exposure to imidocloprid and coumaphos reduces the rate of olfactory learning 2 2 1
In the population of bees that exhibited olfactory learning, we found that 100 nM doses of all 2 2 2 compounds and their combinations affected the rate of olfactory learning in both massed and spaced 2 2 3 conditioning. Each drug produced a slightly different effect on the acquisition curve in both learning 2 2 4 assays ( Figure 2 , Table 2 ). Exposure to imidacloprid influenced the rate of learning for bees trained 2 2 5 with both massed (Fig 2A, lreg, χ 2 2 =16.8, P < 0.001) and spaced ( Fig 2D, lreg , χ 2 2 = 19.8, P < 0.001) 2 2 6 conditioning protocols: the rate of acquisition was slower, as exhibited by the lower probability of 2 2 7 responding during the first 3 trials, and the population reached a lower asymptote (trials 4-6). 2 2 8
Imidacloprid had a stronger effect on spaced conditioning than on massed conditioning: both doses 2 2 9 reduced acquisition during spaced conditioning (10nM: lsc, P = 0.004; 100nM: lsc, P < 0.001), 2 3 0 whereas only the 100 nM dose reduced the rate of learning during massed conditioning (lsc, P < 2 3 1 0.001).
3 2
Coumaphos also impaired learning during both massed (Fig. 2B , lreg, χ 2 2 =11.3, P = 0.003) 2 3 3 and spaced conditioning (Fig. 2E , lreg, χ 2 2 =14.7, P = 0.001), but the effects on massed learning were 2 3 4 greater than those seen during spaced learning. During massed conditioning, the effect on acquisition 2 3 5 was strikingly different to that produced by imidacloprid (Fig. 1A) . Initially, coumaphos treated bees 2 3 6 responded as well as the control bees, but the number of animals responding to the CS began to 2 3 7 decrease during the course of training, and by trial 6, significantly fewer animals responded to the CS 2 3 8
(lsc, trial 6: 10nM: P = 0.003; 100nM: P = 0.001). This effect was not seen during the spaced 2 3 9 conditioning protocol, which qualitatively resembled the curves produced by imidacloprid, where the 2 4 0 rate of learning was slightly lower during the first 3 trials with the highest dose (lsc, P < 0.001).
4 1
The effect of combined exposure to imidacloprid and coumaphos on the rate of acquisition 2 4 2 during learning resembled both the strong effect of coumaphos on massed learning (Fig 2C, lreg , χ 3 2 = 2 4 3 18.3, P < 0.001) and the impact of imidacloprid on the rate of acquisition during spaced conditioning 2 4 4 at the highest doses (Fig 2F, lreg, χ 3 2 = 30.9, P < 0.001). However, both the 10nM and the 100nM 2 4 5 treatment reduced the proportion of bees which responded on the 6 th trial of massed learning (lsc, 2 4 6 10nM: P = 0.016; 100nM: P < 0.001) in a manner observed when bees were exposed to coumaphos 2 4 7 alone. Bees that were fed the 'reversal' treatment did not perform differently from control animals 2 4 8 during massed conditioning for most trials, but they also exhibited the decline on the last two trials of 2 4 9 the bees subjected to the combined exposure. Their responses during spaced conditioning were not 2 5 0 significantly different from the control (lsc, P = 0.071). 2 5 1 2 5 2 Exposure to imidacloprid impairs memory formation 2 5 3
We measured how exposure to the imidacloprid, coumaphos, and their combination influenced 2 5 4 short/mid-term (STM) and early long-term (eLTM) memory by testing bees at 10 min and 24 h after 2 5 5 conditioning (Fig. 3) . The pesticides altered the way that bees responded during the STM and eLTM 2 5 6 tests after both kinds of conditioning. Imidacloprid exposure impaired STM after massed but not 2 5 7 spaced conditioning (Fig 3A and D , massed: lreg, χ 2 2 = 8.13, P = 0.017; spaced: lreg, χ 2 2 = 4.44, P = 2 5 8 0.327). However, it reduced eLTM after conditioning in both assays (massed: lreg, χ 2 2 =6.54, P = 2 5 9 0.038; spaced: lreg, χ 2 2 =11.5, P = 0.003). Prolonged coumaphos exposure also reduced the average 2 6 0 rate of response of the massed conditioned bees on the 6 th conditioning trial and during both of the 2 6 1 recall tests (Fig. 3 B and E, lreg, χ 2 2 = 9.95, P = 0.007).
6 2
While the responses of the bees subjected to prolonged coumaphos exposure were less than 2 6 3 those of the control group, the average rate of response of these bees did not change from the 6 th trial 2 6 4 to the 10 min and 24 h tests (10 nM: lreg, χ 2 2 = 0.137, P = 0.934; 100 nM: lreg, χ 2 2 = 1.14, P = 0.565). 2 6 5 This is especially apparent when the responses of the bees subjected to spaced conditioning were 2 6 6 compared to the massed-conditioned bees: the responses of spaced conditioned bees during the recall 2 6 7 test were unaffected by coumaphos exposure (lreg, χ 2 2 = 2.12, P = 0.344).
6 8
Exposure to the combination of imidacloprid and coumaphos caused effects most similar to 2 6 9 that of coumaphos after massed conditioning. Response rates were lower at all timepoints (lreg, χ 2 2 = 2 7 0 14.2, P = 0.001) although no notable decrease in response rate equivalent to memory impairment was 2 7 1 seen between the last acquisition trial and the memory tests (see Table 3 ). This effect was not reversed 2 7 2 in bees which had been allowed to recover from combined pesticide exposure: response rates were 2 7 3 still much lower than controls (lreg, χ 1 2 = 18.1, P < 0.001).
7 4
After spaced conditioning, combined imidacloprid and coumaphos treatment also had an 2 7 5 effect (lreg, χ 2 2 = 9.18, P = 0.010), and in this case a true memory impairment was observed, with 2 7 6 response rates at the 10 minute memory test being lower than on the last acquisition trial (P = 0.011). 2 7 7
This effect was reversed in bees allowed to recover from the pesticide treatment, which did not 2 7 8 respond differently to the controls (lreg, χ 1 2 = 1.18, P = 0.277).
7 9
Olfactory memory specificity is reduced after prolonged exposure to pesticides 2 8 0
To compare the responses of the bees during the tests for STM and eLTM to the responses to 2 8 1 the novel odour, we calculated a 'discrimination index' that reflected the proportion from each 2 8 2 treatment that responded to the CS in preference to the novel odour during each test (Fig. 4 , Table 4 ; 2 8 3 data for the comparison of the CS and the novel odour are in Figure A1 ). All pesticide treatments 2 8 4 affected the specificity of the responses during the recall test. It is notable that 100nM imidacloprid 2 8 5 treated bees were as likely to respond to the CS as the novel odour at 24 h (the discrimination index in 2 8 6 this case was less than 0, Fig 4 A, D) . Treatment with 100nM coumaphos was also detrimental to the 2 8 7 specificity of the test response; less than 10% of the bees preferentially responded to the CS (Fig 4 B , 2 8 8 E). For the combined pesticide treatment at the 100nM concentration, the bees retained some 2 8 9 specificity in the test response at 10 min after conditioning; however, when tested 24 h later, they 2 9 0 failed to respond preferentially to the CS, even though their response rates to the test odours were still 2 9 1 relatively high (Fig 3 C, F ). Combinations of sub-lethal doses of modern pesticides often produce additive or even synergistic 2 9 7 effects on mortality and behaviour of animals (Laetz et al., 2009) . In our experiments, we combined a 2 9 8 neonicotinoid pesticide, imidacloprid, with an AChE inhibitor, coumaphos, to simulate the situation 2 9 9
where honeybees are exposed to pesticides in food and miticides applied within the colony. We found 3 0 0 that each of the cholinergic pesticides we examined had specific effects on learning and memory that 3 0 1 were reflected in the responses of bees given the combination, and that these effects on learning were 3 0 2 additive. Combined pesticide exposure also strongly reduced the specificity of the response during the 3 0 3 24 h test. The influence of the pesticides on memory, however, was more complex and depended on 3 0 4 pesticide exposure. Furthermore, bees allowed to recover for 3 days after pesticide exposure exhibited 3 0 5 performance during conditioning that indicated they were still affected by exposure, but their 3 0 6 responses during testing were not different from the control. 3 0 7
Because cholinergic signalling plays a key role in olfactory learning and memory, it is 3 0 8 reasonable to assume that impairment in cholinergic signalling caused by prolonged exposure to 3 0 9 nAChR agonists or AChE inhibitors should also lead to deficits in acquisition and, therefore, memory 3 1 0 formation. In this study, disruption of cholinergic pathways by chronic exposure to imidacloprid or 3 1 1 coumaphos affected performance during both massed and spaced learning. This may have been due to 3 1 2 direct impairment of the neural circuits involved in olfaction or gustation, or to a disruption of the 3 1 3 mechanisms of associative learning. Interestingly, in bees that could perform associative learning, 3 1 4 prolonged exposure to imidacloprid, produced different effects on learning and memory to those 3 1 5 produced by coumaphos, although both compounds target cholinergic signalling pathways. However, 3 1 6 it is possible that the partial agonist imidacloprid could in fact decrease cholinergic signalling, by 3 1 7 competing with the full agonist ACh for the receptor binding sites (Deglise et al., 2002) ; whereas 3 1 8 coumaphos will increase ACh signalling initially, via both nicotinic and muscarinic receptors, until 3 1 9 either receptor desensitisation of neuronal death occur (Fukuto, 1990; Pohanka, 2011) . . 3 2 0
Although we observed a modest impairment in acquisition in coumaphos-treated bees during 3 2 1 spaced conditioning, the main effect on acquisition was expressed as a decline in PER in the last three 3 2 2 conditioning trials of massed conditioning. This precipitous decline during the last three trials was 3 2 3 also observed in the honeybees that had been exposed to the combination of the pesticides. These 3 2 4 animals continued to respond to the US, but rather slowly, and their head and proboscis shook in a 3 2 5
way that suggested that perhaps some additional effects on motor function may also be involved; 3 2 6 although it should be noted that this was never seen with coumaphos-treated animals during spaced 3 2 7 training. Organophosphate pesticides are known to affect motor function in many different animals 3 2 8 including flies, fish and rodents: observed effects include tremors, uncoordinated movement, and 3 2 9 transient paralysis (Miller and Kennedy, 1972; Moser, 1995; Patil and David, 2010) . We have also 3 3 0 observed altered motor behaviour in coumaphos treated bees, including episodes of paralysis and 3 3 1 decreased co-ordination (Williamson et al., 2013) . Acute application of AChE inhibitors results in an 3 3 2 acceleration of olfactory learning in honeybees, presumably because inactivation of the enzyme leads 3 3 3 to a transient elevation of ACh during sensory stimulation (Guez et al., 2010) . In our experiments, 3 3 4 bees were continually exposed to low levels of an irreversible AChE inhibitor; this would result in an 3 3 5 elevation of ACh in the synaptic cleft that would also lead to eventual desensitization of the over-3 3 6 stimulated cholinergic neurons rather than an increase in excitation (Chen, 2012; Hartmann et al., 3 3 7 2007) . The fact that bees simply didn't respond during the last few trials of conditioning even though 3 3 8 they were able to learn during the first few trials strongly suggests that the olfactory system and other 3 3 9
circuits that rely on cholinergic signalling cannot cope with the high levels of ACh released during the 3 4 0 rapid stimulation that occurs during massed conditioning. This would result in an inability of the 3 4 1 neurons to detect and respond to the ACh produced by each episode of synaptic transmission resulting 3 4 2 from olfactory stimulation, and hence, lead to a failure in expression of the learned behaviour. This 3 4 3 effect is observed in humans that have been poisoned with AChE inhibitors; an accumulation of Ach 3 4 4 in the synaptic cleft leads to paralysis and death (Pope et al., 2005) .
Imidacloprid impaired LTM after both massed and spaced conditioning, whereas coumaphos 3 4 6 did not influence LTM. The response rates during our test periods for the control subjects were very 3 4 7 
